Removal of various soluble metallic impurities from wastewater in semiconductor fabrication plants is a critical issue facing the microelectronics industry. Considering the large volume of wastewater and a highly variable concentration of these contaminants, finding a robust adsorption process using a low-cost sorbent is of great value and interest to this industry. Of particular interest is the development of a flow-through abatement method for treating the process-tool effluent before it is mixed with other wastewaters. In this work, a strain of freshwater green algae (Chlorella sorokiniana), representing an algae-based sorbent, and a simulated wastewater, containing soluble gallium as the metallic impurity, are used as model compounds. The choice of gallium is based on its increased use, and the lack of related adsorption data compared to the information available for other metals such as copper and arsenic. Both batch and continuous-flow operations were used in this study. Comprehensive process models were developed and validated for both batch and flow systems. These models were found to be valuable for understanding the process steps as well as for obtaining the fundamental parameters that are needed for process design and scale-up. The sorbent was found to have high adsorption capacity even at low pH values (14.1 mg/g at pH of 2.3, and 38.5 mg/g at pH of 2.8). Based on the comparison of adsorption rate and capacity with data on previously studied and conventional sorbents, such as activated carbon and ion-exchange resins, the use of this algae-based sorbent is potentially an attractive option for the removal of gallium from the process-tool wastewater.
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Introduction
The presence of metallic compounds in semiconductor fabrication plants (fabs) wastewater and the potential toxicity of these compounds are of major concern to semiconductor 1 3 industry, motivating the search for a robust and cost-effective abatement method. The range of concentration for these contaminants varies depending on the product line at any particular site. It also varies at each site due to the transient nature of semiconductor fabrication processes. The most prevalent metallic impurity is copper, but the introduction of new III-V compounds such as gallium arsenide has led to concern about the presence of gallium and arsenic in the fab wastewater. While arsenic abatement has been the subject of many studies (Dadwal and Mishra 2016) , there is essentially very little information on the fate of gallium in wastewater. At pH lower than 3, which is the focus of this study, gallium is highly soluble and is present in solution as several positively charged species: Ga 3+ , Ga(OH) 2+ and Ga(OH) 2 + . As pH increases to around pH 4, the solubility decreases to its lowest point. Then the solubility increases with the increase in pH, and gallium is present as Ga(OH) 4 − (Bi and Westerhoff 2016) .
The focus of this study is on developing an abatement method for treating the contaminated water exiting a specific process step before it is diluted and mixed with other wastes. While mixing and central treatment of mix wastes from fab processes have been the conventional practice due to the ease of collections, some classification and segregated collection is now pursed for modern fabs due to increasing complexity of wastes and also interest in the potential recovery and reuse of certain materials. The conventional methods for metal removal, such as precipitation, coagulation, ion exchange, chemical reduction, reverse osmosis, and membrane filtration, are not suitable for this application because they do not have a small footprint for flow-type abatement and/or consume large amounts of reagents and energy and produce polluted sludge (Aksu et al. 1992; Wilke et al. 2006) . Removal by adsorption, using inexpensive biosorbents, is potentially a suitable alternative technology for this application. However, the key adsorption properties, such as the removal rate and capacity, for capturing metals like gallium, particularly at low pH, which are the characteristics of the intended application, have not been reported and require a systematic study.
The biosorbents typically include algae, fungi, bacteria, and agricultural waste. As photoautotroph microorganisms, algae only require CO 2 for growth, whereas fungi and bacteria require an additional carbon source. The source of CO 2 can be atmospheric, but a more concentrated source such as flue gas may also be applicable. Hence, algae have the added environmental benefit in reducing atmospheric carbon dioxide. The limited previous work on the adsorption of gallium on algae has used live algae (Banerjee et al. 2003; Vetrivel et al. 2017) . The present study is focused on dead algae which is more practical and acceptable in the fab environment and requirements since the sorbent is not affected by the toxicity of waste ingredients and does not require growth nutrients which are costly and add additional complexity to the process.
There are generally three groups of algae: brown, green, and red algae. One research study compared the average sorption efficiencies of 37 different algal species (20 brown algae, 9 red algae, 8 green algae) for a variety of metal ions like Cu, Cd, and Pb. They found that the brown algae or seaweed, removed more of these ions than the green algae and the red algae (Romera et al. 2006) . However, brown algae are challenging to grow; they require large ponds and must attach to surfaces. Green micro algae are also grown in ponds but they grow to higher concentrations than brown algae and are maintained in a liquid media. They can be grown in closed bioreactors under controlled conditions. Recently, both green and red algae and biopolymers-based sorbents have received increasing attention (He and Chen 2014) for removal of metal ions.
Green algae, chlorella sorokiniana, is a freshwater microalgae, identified as one of the fastest growing and most productive strains among many types that were screened in a recent Department of Energy National Alliance for Advanced Biofuels and Bioproducts (NAABB) consortium project (Neofotis et al. 2016; Lammers et al. 2017; Unkefer et al. 2017 ). This type of algae is known to be a safe source of animal food. Furthermore, its large-scale outdoor cultivation has been investigated and developed Lammers et al. 2017) .
Algal cell walls contain mainly cellulose and some proteins bonded to polysaccharides (Romera et al. 2007 ). The cell walls play a key role in the removal of heavy metals from aqueous solutions (Das et al. 2008; Jones et al. 2015) . The difference in the cell wall composition of different types of algae is responsible for the variation in the type and the amount of metal ions binding to the cell wall. Typically the cell walls are rich in functional groups such as carboxyls, amines, hydroxyls, phosphates, imidazoles, sulfhydryls, and sulfates (Crist et al. 1981) . These groups are negatively charged and attract positively charged metallic ions. However, at low pH, they get partially protonated and lose some of their potency to adsorb positive ions. That is why adsorption and removal of metallic impurities at low pH is challenging and is a key aspect of this feasibility study.
One of the tools needed to evaluate the feasibility of the biosorption processes is comprehensive process models to simulate the adsorption process in both batch and flow configurations. These models are essential for data analysis to extract the fundamental kinetic and thermodynamic properties of the sorbents and the adsorption process. They are also needed for process design, scale-up, and optimization. Although several empirical or simplified models have been used in the past (Vijayaraghavan and Yun 2008; Kafshgari et al. 2013) , they have been generally based on various assumptions and simplifications that are not applicable to biosorption processes. For example, usually, local equilibrium has been assumed and dispersion effects in adsorption media have been neglected. These assumptions are not justified in biosorption processes. Therefore, in addition to studying the feasibility of using algae for metallic impurity removal from simulated wastewater, the development of suitable models that are applicable to fab wastewater treatment is also an objective of the present study.
Experimental method
Materials and methods
The algae strain used in this study was isolated by Dr. Juergen Polle at Brooklyn College, New York (Neofotish et al. 2016) . These algae were cultivated in 90 l photobioreactors using an optimized Pecos medium (PE-001A) with 1 LPM flow rate of a 5% CO 2 /air mixture to control the pH between 6.5 and 8.5 at room temperature (25 °C). The light was provided 12 h daily followed by 12 h of darkness to imitate the natural environmental conditions. The cultures were centrifuged at 5000-6000 rpm for 10-15 min. After the supernatants were discarded, the pellets were dried in a forced air oven (414005-114, VWR International LLC, Radnor, PA) at 70 °C for 24 h. The dry biomass was then ground to small particles with diameters of 1-2 mm. The algae did not undergo any other chemical or physical pretreatment.
All chemicals were of analytical reagent grade. A stock solution of 25 g/l gallium was prepared by dissolving GaCl 3 in deionized water. The concentrations of gallium were measured by a synchronous vertical dual view inductively coupled plasma optical emission spectrometer (ICP-OES) (5100, Agilent Technologies, Santa Clara, CA). All samples for ICP-OES analyses were diluted with 2% (v/v) nitric acid to obtain gallium concentrations up to 5 mg/l. Prior to analysis, a calibration curve was obtained using 1-5 mg/l gallium ICP standards (RICCA Chemical Company, Arlington, TX).
An acidimetric-alkalimetric titration (Stumm and Morgan 2012) was used for the measurement of surface charge. Titration solutions of 0.1 M HCl and 0.1 M NaOH ranging from 0.05 to 1.5 ml were added to seven 50-ml centrifuge tubes containing 20 ml of 0.01 M NaCl and 0.2 g biomass. This mixture, which served as a control, contained only NaCl and biomass. The sample tubes were shaken for 24 h, and the pH values were measured for calculating the surface charge density on-site balance (Stumm and Morgan 2012) .
Experiments in batch configuration
The first group of batch experiments was conducted to obtain the equilibrium data and the adsorption isotherms for gallium on algae system. These equilibrium experiments were carried out at room temperature in 1.5-ml microcentrifuge tubes at pH values of 2.3 and 2.8. Fifty milligrams of dried algae was exposed to a 1 ml solution containing varying concentrations (500-2500 mg/l) of gallium solution for 24 h. The tubes were centrifuged in an MiniSpin (022620100, Eppendorf, Hauppauge, NY) at 12,000 rpm for 3 min; the supernatants were then analyzed by ICP-OES. Three replicates were obtained for each experiment condition.
The second group of batch experiments was designed to obtain the kinetics of the adsorption process. These experiments were conducted at room temperature in 1.5-ml microcentrifuge tubes which contained 250 mg dried algae and 1 ml of 2500 mg/l metal solution. The tubes were agitated on a Mini Biomixer (B3D1020, Benchmark Scientific, Sayreville, NJ) with the rotating plane tilted to 20°. Samples were taken after 0, 15, 30, 45, 60, 90, 120 and 360 min. The algae were separated from the liquid solution via centrifugation to stop the adsorption. Each experiment was repeated three times.
The actual metal concentration and the pH in the factory process effluents vary over orders of magnitude, depending on the process and the point of analysis (Torrance and Keenan 2009; Torrance et al. 2010) . They also vary with time due to the transient nature of most fabrication processes. While previous studies have focused on wafer thinning as the main source of Ga in the chemical mechanical polishing wastes, there is now interest in a wide range of processing conditions due to the emerging new applications of III-V materials. The concentration values used in this study were on the high side of the concentration range in order to decrease the time needed for obtaining a full breakthrough profile from fresh to fully saturated sorbent. The low pH values (less than 3) were selected because they represent the most challenging condition since sorbents typically do not capture metals efficiently at low pH. Additionally, abatement of gallium at low pH has received very little previous attention.
Experiments in flow configuration
The setup for a flow adsorption column consisted of a reservoir containing metal solution, a variable-flow peristaltic pump (13-876-1, Fisher Scientific, Hampton, NH), and a biosorption column as shown in Fig. 1a . Biomass was packed in the 0.4-cm-diameter column. A non-adsorption material, nylon-coated stainless steel, was cut into small pieces and mixed with biomass in the column to provide space between particles and prevent the column from clogging. The top and bottom of the column contained loose glass wool and steel wool. The metal solution went through the column at a flow rate of 1.2E−8 m 3 /s. One drop (roughly 0.1 ml) of the effluent was collected every 30 s, into microcentrifuge tubes and 1 3 centrifuged before analysis. The concentrations were then measured by ICP-OES.
The axial dispersion coefficient, D z , in the column was determined by flowing a non-adsorbing tracer through the packed bed and monitoring the effluent concentrations. Almost all commonly used bioinert tracers extract chlorophyll, destroy the surface features of biomass, and therefore interfere with the concentration measurements. Arsenic showed minimum adsorption at pH of 9 and was used as a conservative tracer to determine the dispersion coefficient. Samples were diluted with 2% (v/v) nitric acid, and the concentrations were measured by ICP-OES as well.
Process modeling
Equilibrium and isotherm model
The shape of the isotherm, measured in the batch equilibrium experiments, indicates that the adsorption/desorption kinetics and the isotherm are what is commonly called type 1. The equation for this type of isotherm is typically expressed as:
where C se (mg/g) is the amount of metals adsorbed on the sorbent at equilibrium, C e (mg/l) is the equilibrium concentration in the liquid phase, S 0 (mg/g) is the total available binding sites or maximum metal adsorption capacity of biomass, and K (l/mg) is the equilibrium constant or the ratio of adsorption to desorption rate coefficients.
The following linearized form of Eq. (1) is fitted to the equilibrium batch experimental data to obtain the values of S 0 and K. C se was calculated using the following equation with measured C 0 and C e :
where C 0 (mg/l) is the initial metal concentration in the liquid phase, V (l) is the total volume, S (g) is the total amount of biomass.
(1) 
Dynamic batch model
The results of the dynamic batch experiments are used to determine the adsorption and desorption fundamental kinetic parameters. The mass balance for the batch experiments is as follows:
where t (s) is time, C (mg/l) is the metal concentration in the liquid phase at time t, C s (mg/g) is the metal adsorbed by biomass at time t, k a (l/mg s) is the adsorption rate constant, and k d (s −1 ) is the desorption rate constant. The rate expressions used for adsorption and desorption are those corresponding to the type 1 isotherm, given by Eq. (1), and observed in the batch experiments. The initial condition for Eq. (4) is:
The mass balance differential equation was solved using MATLAB software; then C = f(t) was fitted to experimental data. In the beginning of the process, adsorption was dominant and desorption was negligible. This assumption simplified the differential equation and the rate constant k a was determined by fitting the first several data points to the simplified equation. Then the desorption rate constant k d was the only unknown variable and was found by fitting all the data points to the full equation.
Dynamic flow model
In practice, the removal of metallic impurities from wastewater will be carried out in adsorption columns containing a fixed bed of algae biosorbent. A dynamic flow model is developed to simulate the process in these treatment systems. The key components of this model are various modes of mass transfer, including diffusive and convective transport of the fluid species, and interactions of gallium as the adsorbing contaminants with the surface of algae sorbent.
The mass balance for the continuous-flow system is expressed by:
where D z (m 2 /s) is the axial dispersion coefficient, ɛ is the column bed porosity, u (m/s) is the interstitial velocity. The initial and the boundary conditions are:
To obtain the value of the dispersion coefficient, arsenic solution as a non-adsorbing tracer was injected into the column. C tracer (mg/l) is the tracer concentration in the liquid phase at time t. The tracer input was essentially a step function going from zero to C tracer at time t = 0. The mass balance of the tracer in the liquid phase of the column system can be described by:
The initial and the boundary conditions are:
The above equations were solved using MATLAB software. The derivative of tracer concentration with time ( C tracer ∕ t) from both the model and the experimental data were obtained. The value of D z was found by matching the time profiles of ( C tracer ∕ t) obtained from the model and the experiments; the details and results are given in the next section.
Results and discussion
Equilibrium properties
The adsorption isotherms for gallium ions are shown in Figs. 2 and 3 . The experimental data were obtained from the 24-h batch equilibrium experiments. The linearized isotherms were fitted to three sets of experimental data. The values of S 0 and K were calculated from the slope and intercept of the fitted lines. The capacity, S 0, was 14.1 mg/g at pH 2.3. The equilibrium constant, K, was 6.6E−3 l/mg. The S 0 given by the model agrees well with the net surface charge density, σ, measurement. For comparative purposes, the units of S 0 and σ were both converted to mol/g. Then under the same
pH condition, S 0 became 2.01E−4 mol-gallium/g-biomass, and σ became 6.47E−4 mol-net positive charge/g-biomass.
To determine the effect of pH, experiments were also conducted at pH 2.8. An increase in capacity to 38.5 mg/g was observed. This confirms the proposed mechanism where the increase in pH increases the number of negatively charged sites and enhances the adsorption process. It is estimated that the gallium concentration in typical fab wastewater will be in the low ppm range (highly dependent on the site and the process conditions). However, higher concentrations were selected in this study to speed up the experiments and the approach to saturation for laboratory evaluations. The very low pH values were selected because, as pointed out in the introduction section, it is at low pH that biosorbents fail to perform well. Generally, the interaction of anions with binding sites is enhanced and the approach of cations is restricted at low pH because the surface of the biomass is protonated. Yu and Kaewsarn (1999) used brown algae Durvillaea potatorum for Cu cations sorption and observed a significant increase in uptake capacity when pH was increased from 2 to 4. The maximum capacity was reached around pH 5. Hashim and Chu (2004) found brown algae Sargassum baccularia as sorbents had poor capacity for Cd cations at pH 2 and increased in sorption capacity as pH increased. The fact that the results here show high capacity and effective adsorption at these low pH conditions is a conservative but very promising proof of the effectiveness of algae as a sorbent. It appears that the results for gallium adsorption are similar to what has been reported regarding Cu cations interaction with the protonated carboxylate groups in addition to the attraction to the unprotonated carboxylate groups (Liu et al. 2016 ).
Batch process results
Figures 4 and 5 show the gallium concentration change with adsorption time in the batch process. In the early part of the batch experiments, the adsorbed metal concentration on the biomass was small; therefore, desorption was small and k d C s in Eq. (4) to the first five data points of the experimental data to find the value of k a which was 4.7E−8 l/mg s (Fig. 4) . Using this value of k a , Eq. (4) was solved using all data points to determine k d (Fig. 5) . k d was determined to be 1.1E−5 s −1 . The rate and capacity for the gallium adsorption on the algae sorbent studied here are in the same range as those reported for the removal of lead, cadmium, copper, and arsenic using other biosorbents (Sulaymon et al. 2013 ).
Flow process results
The dispersion coefficient was found using tracer experimental data. The rate of change of tracer concentration as a function of time is shown in Fig. 6 . The best fit for D z over a wide range of operating time was 1.2E−7 m 2 /s. Figure 7 shows the breakthrough experimental results and the best fit to the data using the dynamic flow model. Table 1 gives the parameter values found by using the combination of experimental measurements and modeling. The kinetic and equilibrium parameters, determined by both batch and flow configuration experiments and modeling, are fundamental and can be used for scale-up and design purposes. In particular, these parameters together with the dynamic flow model developed in this study can be used to design the large-scale adsorption systems suitable for continuous treatment of gallium-containing wastewater in fabs. They can also be utilized to optimize the operational conditions of an existing adsorption system. Table 2 gives a comparison of the adsorption properties of the selected algae-based sorbent with other related results available in the literature. While this work summarizes the results of application of one type of algae and a well-defined gallium solution as the model or simulated wastewater, the results are applicable to a wide range of conditions not studied before. A more detailed quantitative comparison of sorbents is not possible at this stage because various studies have used different conditions and most of them have not reported the key testing parameters that affect the adsorption results. For the same reason, it is premature at this stage to estimate and compare the cost of various sorbents. However, a qualitative assessment of the options based on the starting material and preparation method clearly places algae among the best in terms of cost and simplicity of preparing the sorbent. All adsorption processes should involve a method for environmentally acceptable treatment of the spent sorbent for safe disposal and/or material recovery and reuse. In the case of algae, the next phase of this work will include developing methods for recovery of gallium from algae and safe disposal of the residue. The tentative recovery methods under consideration include desorption of gallium at a different pH and its transfer into a low-volume and highly concentrated media or precipitation of gallium under low-solubility pH conditions. Another approach could involve high-temperature destruction of algae and recovery of gallium. Figure 8 shows the results of experiments that were performed to desorb gallium from spent algae using a 2% (v/v) nitric acid and stirring the media for 10 min. The results show that the adsorption on algae is reversible and the recovery is feasible by changing the media pH. It is speculated that any such recovery process would have to be performed ex situ (outside the fab) and would treat a relatively small volume of algae, which has removed and concentrated gallium from a large volume of wastewater. The most likely objective of these processes will be recovery of gallium and safe disposal of the algae residue, which is typically a low-cost sorbent.
Evaluation and application perspective
Conclusions
Adsorption on freshwater green algae (Chlorella sorokiniana) is an attractive option for the removal of gallium from the process wastewater in high-technology manufacturing such as in semiconductor fabrication plants. The flowthrough nature of an adsorption column makes it suitable for the online and in situ abatement of wastewater. During this process, gallium is transferred from a high-volume dilute liquid phase to a significantly lower-volume concentrated solid phase. The saturated sorbent is environmentally more manageable and can even be processed for recovery of gallium. The tested algae are preferred over other reported sorbents, considering their ease of production, unnecessity of pretreatment, adsorption rate, and capacity for the proposed application. The sorbent was found to have high adsorption capacity even at low pH (14.1 mg/g at pH of 2.3 and 38.5 mg/g at pH of 2.8). This is a significant advantage because the low pH conditions, which are typical in intended applications, present a challenge for adsorbing positively charged ions.
Comprehensive process models were developed and validated for both batch and flow adsorption conditions. These models were found to be valuable for understanding the process steps. Applying the process model to the experimental data provided the fundamental kinetics and transport parameters. The results showed a first-order adsorption rate with respect to both gallium in water and available biosorbent. The desorption rate was also first order with respect to the adsorbed gallium. In addition to its application for data analysis, the model is valuable for parametric study, the processes design and scale-up, and the optimization of operating conditions.
